Abstract-This paper presents a submillimeter-wave 500-550-GHz MEMS-reconfigurable phase shifter, which is based on loading a micromachined rectangular waveguide with 9 E-plane stubs. The phase shifter uses MEMS-reconfigurable surfaces to individually block/unblock the E-plane stubs from the micromachined waveguide. Each MEMS-reconfigurable surface is designed so that in the nonblocking state, it allows the electromagnetic wave to pass freely through it into the stub, while in the blocking state, it serves as the roof of the main waveguide and blocks the wave propagation into the stub. The phase-shifter design comprises three micromachined chips that are mounted in the H-plane cuts of the rectangular waveguide. Experimental results of the first device prototypes show that the microelectromechanical system (MEMS)-reconfigurable phase shifter has a linear phase shift of 20
I. INTRODUCTION
T HE terahertz (THz) frequency band is one of the least utilized regions of the electromagnetic spectrum despite of all the scientific and industrial interest and potential [1] , largely due to the unavailability of commercial off-the-shelf submillimeterwave components [2] and the lack of effective methods to characterize the circuits [3] . THz or the submillimeter-wave frequency band has emerging applications in radar, radio astronomy, imaging systems, medical diagnosis, spectral analysis, and high-bandwidth wireless communications [4] . Waveguides are used as a typical transmission medium for submillimeter-wave circuits as they exhibit very low insertion loss when compared to planar transmission lines at these frequencies. Rectangular waveguides can be fabricated by utilizing metal machining techniques achieving a typical tolerance of approximately 5 μm [5] with many restrictions in geometries. For waveguide-based designs in the WR-1.5 band, the fabrication accuracy should be at least 5 μm [5] . This fabrication accuracy requirement becomes even more stringent when dealing with waveguide resonant structures [5] . In order to improve the accuracy and the precision of the fabricated dimensions, silicon micromachining techniques have emerged as a very attractive alternative [6] . Furthermore, silicon micromachining has the advantages of highvolume, low-cost batch fabrication, high product uniformity, and with the smallest dimensions determined through photolithography. Waveguides fabricated utilizing silicon micromachining techniques have already shown promising results for frequencies as high as 2.7 THz [7] .
A rectangular waveguide loaded with stub sections can be used for building low insertion loss static phase shifters [8] , waveguide tuners [9] , leaky wave antennas [10] , and filters [11] . Variable phase shifters are widely employed in phased-array antennas for beam steering, used in radar and communication applications. Conventional electronic phase shifters based on p-i-n diode switches, MESFET, and GaAs usually have high insertion loss, large power consumption, and poor linearity, in particular at sub-THz frequencies [12] . Ferrite based phase shifters show better performance, but are not commercially viable because of their large size and high cost and would be prohibitively loss at THz frequencies. Recently, phase shifters utilizing liquid crystals have been introduced [13] but they suffer from slow response time, usually in seconds. Microelectromechanical systems (MEMS) based phase shifters have high linearity and low insertion loss over a large bandwidth when compared to their solid-state counterparts [12] and have shown promising performance up to 110-GHz frequency [12] . In all literature, the maximum operational frequency that MEMS-based devices have been reported at is 220 GHz [14] , and these designs were implemented on planar transmission lines resulting in high losses at submillimeter-wave frequencies.
The unavailability of reconfigurable waveguide components at submillimeter-wave frequencies provides an excellent and so far unexploited opportunity for tunable MEMS components. This paper introduces the first ever submillimeter-wave MEMS reconfigurable phase shifter operating in the frequency band between 500 and 550 GHz. In two recent conference publications, the authors have shown how an MEMS-switched surface can be used to make an radio-frequency (RF) MEMS switchable stub [15] and how to use such switchable stubs for phase shifting [16] . This paper is an extension of these conference papers [15] , [16] , and discusses the phase shifter design, fabrication, and assembly in detail, and new measurement data (both RF and electromechanical) is presented. A detailed analysis of the discrepancy between simulated and measured results is carried out. To the best knowledge of the authors, the phase shifter reported in this paper is the first ever MEMS reconfigurable component at submillimeter-wave frequency. It is the first reported RF MEMS component to be operating above 220 GHz. Additionally, it is the first MEMS waveguide component and the first MEMS phase shifter operating above 110 GHz.
II. CONCEPT AND DESIGN
The phase shifter concept is shown in Fig. 1 . It is based on loading a rectangular waveguide with E-plane waveguide stubs [8] . The E-plane stubs are connected to the H-plane top roof of the rectangular waveguide. This results in a series reactance, which is tuned by making the E-plane stubs switchable by using MEMS-reconfigurable E-plane surfaces [17] . The MEMS-reconfigurable surfaces are inserted into the top roof of the rectangular waveguide perpendicular to the electromagnetic wave propagation into the waveguide stubs.
The MEMS-reconfigurable E-plane surface consist of a set of fixed vertical cantilevers, shown in yellow in Fig. 1(b) , that are anchored and a set of synchronously movable vertical cantilevers, shown in brown in Fig. 1(b) , that are mechanically connected to electrostatic comb-drive MEMS actuators via horizontal suspension beams. The movable vertical cantilevers can be displaced in the horizontal direction so that they either block or unblock the TE 10 wave propagation mode into the waveguide stubs. In the nonblocking (open) state of the MEMS-reconfigurable surface, there is a gap between the fixed and the movable vertical cantilevers, which allows the electromagnetic wave to propagate freely through the reconfigurable surface making it transmissive in this state. In the blocking (closed) state of the MEMS-reconfigurable surface, the movable vertical cantilevers are laterally displaced by MEMS actuators and brought into contact with the nonmovable vertical cantilevers. This forms a series of closed columns of vertical cantilevers, blocking the electromagnetic wave propagation through the switched surface by shortcircuiting the electric field lines of the TE 10 mode making it reflective in this state. In the blocking state, the MEMSswitched surface also carries the roof currents and forms the roof of the rectangular waveguide. Thus, the surface has a different electrical function in the two states, with different requirements on its implementation. The number of vertical cantilevers and horizontal bars have a strong influence on the ability of the MEMS-switched surface to block or unblock the wave propagation into the stub [17] . This number is optimized for a compromise between a low loss transmission into the stub in the non blocking state and a high isolation with a good configuration for the roof-currents in the blocking state. Fig. 2 shows the E-field of a single switchable stub loading a rectangular waveguide at 550 GHz simulated using CST Microwave Studio, for the nonblocking state [see Fig. 2(a) ] and the blocking state [see Fig. 2(b) ]. The implemented rectangular waveguide is loaded with nine such stubs each with a length of 300 μm and a nominal phase shift of 10
• producing a total phase shift of 90
• in 10 • steps (3.3 bits). Fig. 3 shows the simulated phase shift for different vertical cantilever gaps normalized to the state with all stubs unblocked. The design parameter study to select the nominal gap of the vertical cantilevers in the nonblocking state shows only a minor improvement (2%) in the phase shift when the gap in the nonblocking state is increased 
1 = actuated state, blocking the associated stubs; 0 = nonactuated state, unblocking the associated stubs. shows that the maximum phase shift is achieved when there is an ohmic contact between the vertical cantilevers in the blocking state. However, an ohmic contact may not be needed since a gap of 200 nm between the vertical cantilevers in the blocking state also results in a phase shift, even though reduced by half. The rectangular waveguide used for the phase shifter design has nonstandard dimensions (0.416 mm × 0.208 mm) optimized for the lower WR-1.5 band. The phase shifter is composed of three vertically stacked chips, a MEMS chip with the MEMSswitched surfaces and the stubs, a micromachined-waveguide chip, and a cap chip terminating the stubs. Electrostatic comb-drive MEMS actuators with folded-beam suspensions are symmetrically placed around the waveguide stubs on the MEMS-switched stub chip with five comb-drive actuators on each side to move the vertical cantilevers of the MEMS-switched surfaces for the nine stubs. The total displacement of the vertical cantilevers is 10 μm or ±5 μm around the rest position using a push-pull actuator. Fig. 4 shows the layout of the MEMS-switched stub chip. The number of actuators in the phase shifter design is optimized to achieve all the ten phase states with the minimum number of actuated comb drives. Table I shows the grouping of the nine stubs to the five MEMS actuators. Table II shows which actuator combination needs to be activated to achieve a certain phase state. As can be seen from Table II , the stubs are also grouped in a way to achieve maximum redundancy, i.e., certain phase shifts can be achieved in multiple ways. For instance, a 40
• phase shift can be achieved either by actuating the combinations [A, B, E] or [D, E]. The layout of the MEMS reconfigurable surface is shown in Fig. 5(a) . Two vertical cantilever widths of 4 and 5 μm are used in the design. The different widths of the vertical cantilevers do not affect the measurement results and are only intended to overcome issues occurring due to the nonoptimized fabrication process. Fig. 5(b) shows the layout of a designed single combdrive actuator that is mirrored around the E-plane of the stub resulting in two comb-drive actuators for each stub group with a total of ten actuators for five stub groups. The second actuator set is used to implement a push-pull configuration resulting in the device being actively opened and closed, which allows for faster operation and larger travelling range. It should be noted that the phase shifter is designed for requiring two separate control signals for this push-pull operation. However, since a movement of 5 μm, already results in 98% of the total achievable phase shift [see Fig. 3(a) ], for all characterization in this paper, only a single-side actuator is employed. The number of fingers used for Actuator A, B, and E is 34, while 56 fingers are used for Actuator C and D. Different comb drives are designed with variations in spring width and finger gap resulting in different spring constants. The comb-drive actuators do not require any dielectric insulation layers that are susceptible to dielectric charging, and thus, affect the actuation voltage repeatability and decrease reliability. Instead, mechanical stoppers are implemented for limiting the actuator movements. Monocrystalline silicon is used as the fabrication material for all the moving parts providing high structural reliability.
III. FABRICATION AND ASSEMBLY
The phase shifter comprises an MEMS-switched stub chip with the MEMS-switched surfaces and the stubs, a micromachined waveguide chip, and a cap chip terminating the stubs, as shown in Fig. 6 . The MEMS-switched stub chip is fabricated in a two mask micromachining process outlined in Fig. 7 using a silicon-on-insulator (SOI) wafer. The fabrication begins with manufacturing the waveguide stubs by structuring the handle wafer using deep reactive ion etching (DRIE) [see Fig. 7(b) ]. This is followed by manufacturing the MEMS-reconfigurable surfaces by DRIE of the device layer [see Fig. 7(c) ]. Hydrofluoric acid (HF) is used for wet etching of the buried oxide (BOX) layer for free etching the MEMS moving structures that is fol- lowed by drying the MEMS chip in a supercritical drying step [see Fig. 7(d) ]. The chip is metallized by sputtering a 700-nm thick layer of gold on the handle wafer and a 200-nm thick layer of gold on the device layer using a 50-nm thick titanium tungsten adhesion layer [see Fig. 7(e) ]. Finally, a 50-nm layer of titanium tungsten as antistiction layer is sputtered on the device layer to complete the process. Fig. 8 shows a close-up scanning electron microscope (SEM) image of the fabricated MEMS-switched stub chip. The micromachined waveguide chip is fabricated by structuring a silicon substrate using DRIE to make the waveguide channel. A 1 − μm thick gold layer is sputtered to metallize the chip. The chip size of the MEMS-switched stub chip and the micromachined waveguide chip, including handling areas, contact pads, and bias-lines, is 6.8 mm × 10 mm.
Both the MEMS-switched stub chip and the micromachined waveguide chip have micromachined alignment structures used to align the chips to each other as well as to the machined metal blocks either using micromachined circular or omega-shaped alignment structures [18] . Fig. 9 shows the pictures of assembling/mounting the phase shifter. First, the cap chip is placed in the slot on the machined metal block [see Fig. 9(a) ]. Then, the MEMS-switched stub chip is aligned to the machined metal block and placed on top of the cap chip [see Fig. 9(b) ]. Next the micromachined waveguide chip is aligned and placed on the top of the MEMS-switched stub chip [see Fig. 9(c) ]. Finally, the top metal block is placed and the whole assembly is screwed together [see Fig. 9(d) ]. Alignment disks are used to align the metal blocks to each other and to the waveguide flanges.
IV. CHARACTERIZATION AND ANALYSIS

A. Submillimeter-Wave Characterization
The submillimeter-wave measurements of the fabricated MEMS phase shifter were performed with an Agilent PNAX system using VDI WR-1.5 VNA Extenders calibrated using SOLT calibration. Through reflect line (TRL) calibration is not used as it is particularly susceptible to alignment errors [19] that reduce the accuracy of the TRL calibration significantly when compared to the fully flanged standards. Fig. 10 shows the simulated and measured insertion loss along with the measured return loss for all ten phase states (3.3 bits) of the MEMS-reconfigurable phase shifter. The phase shifter has a broadband frequency response with the insertion loss better than 3 dB and the return loss better than 15 dB in the design frequency band of 500-550 GHz. The insertion loss variation of the different phase shifter states is smaller than 0.5 dB. The major part of the insertion loss is caused by the length of the micromachined waveguide and by the interfaces to the flanges. This is shown by the reference measurement of a straight micromachined waveguide without the MEMSswitched stubs, included in Fig. 10 , showing that the insertion loss attributed by the MEMS-switched surfaces and the stubs is only between 0.5 and 1.5 dB. The measured insertion loss is higher than the simulations, which is assumed to be attributed to perfect surface roughness in the model, and to assembly uncertainties in particular in connection with the H-plane split waveguide configuration [20] . The effect of assembly and alignment uncertainties is shown in Fig. 11 , displaying the measured insertion loss of ten different phase shifter chips with fixed phase states, having a reproducibility error of between 2 and 6 dB instead of 0.5 dB as anticipated from the measured programmable phase shifter shown in Fig. 10 . As verified by simulations shown in Fig. 12 , even very small gaps in the chip assembly result in a significant increase of the insertion loss. Furthermore, micromachined static alignment disks were used instead of compression alignment disks [3] for assembling the micromachined chips, which results in an alignment error of around 10 μm, which is, however, according to simulations not significantly contributing to the insertion loss.
The simulated and measured phase shift is normalized to the state with all stubs unblocked and is shown in Fig. 13 . The measurements show a linear phase shift of 20
• in ten discrete steps (3.3 bits) instead of the designed phase shift of 90
• sim- Fig. 11 . Assembly alignment uncertainty: Measured insertion loss of ten chips with different fixed phase states. The variation in the insertion loss is due to the misalignment and assembly uncertainty between the chips and not due to the insertion loss characteristics for different phase states of the phase shifter as shown in Fig. 10 . ulated using CST Microwave Studio. The reason for this discrepancy is the combination of not having an ohmic contact between the vertical cantilevers and the angular sidewall surface profile of the cantilevers due to fabrication inaccuracies. Fig. 3(b) shows that a 20
• phase shift would be achieved for a vertical cantilever gap of 600 nm when the cantilevers have a straight sidewall surface profile. The same phase shift can also be achieved for even smaller gaps due to a slightly angular sidewall profile of the vertical cantilevers. The sidewall angle of the vertical cantilevers is measured to be 0.42
• from the cross-sectional SEM images of the top and bottom parts of the vertical cantilevers shown in Fig. 14. The influence of the angular sidewalls of the vertical cantilevers is analyzed by using the partial differential equation (PDE) Toolbox in MATLAB and solving the electrostatic problem for the situation when the vertical cantilevers are close to contact. The cross section of the geometries used for this analysis are shown in Fig. 15 with the inserts showing the electric field intensity at the point where the vertical cantilevers are closest to each other. Fig. 16(a) shows the simulated variation in the capacitance (impedance) value between the vertical cantilevers with a straight sidewall profile with the gap between the cantilevers varying from 10 to 600 nm. Fig. 16(b) shows the variation in the capacitance value for the vertical cantilever gaps of 250 and 300 nm when the sidewall angle is varied from 0
• to 2 • . A capacitance refer- ence line for the vertical cantilever gap of 600 nm without any sidewall slope (corresponding to the measured reduced phase shift from 90 • to 20 • ) is also shown. The simulations show that even for a small sidewall angle of 0.5
• , the capacitance value for both the 250-and the 300-nm gaps are very close to the reference line of 600 nm. For 1
• sidewall angle, the capacitance value for both the 250-and the 300-nm gaps are below the reference line. In conclusion, a sidewall gap of 250 to 300 nm between the vertical cantilevers due to fabrication inaccuracies is expected to have lowered the phase shift. A gap of a few hundred nanometer can easily be caused by fabrication uncertainty, for instance undercut or large scallops during DRIE, nonoptimized lithography step or nonoptimized metal step coverage, etc., which would result in the vertical cantilevers not making proper ohmic contact. To resolve this issue, the overlap of the fixed and movable vertical cantilevers could be increased from the current design of 2 μm to at least 6 μm or above. This would result in an actual ohmic contact not being needed for achieving the designed phase shift of 90
• at WR-1.5 frequencies. For an overlap of 6 μm and higher, it is expected that there is a minimal reduction in the achievable phase shift of 90
• for a 200-nm gap between the vertical cantilevers when compared to the phase shift reduction observed for a 2-μm overlap shown in Fig. 3(b) .
The resolution of the phase shifter can also be extended by actuating the MEMS reconfigurable surfaces in an analog mode. This is accomplished by applying simultaneously the same potential on all the comb-drive actuators and measuring the phase at each applied discrete actuation voltage value. Fig. 17 shows the variation in the phase of the phase shifter versus the actuation voltage. The phase shifter design used in these measurements have a measured maximum actuation voltage to contact of 30 V. The maximum phase shift is reached at around 25 V and further increase of the voltage does not influence the phase shift. Fig. 18 shows the measured phase shift repeatability for the phase shifter. The phase shifter is utilized in an ON/OFF configuration with either all the stubs blocked (ON) or all the stubs unblocked (OFF). Fig. 18(a) shows good repeatability of the insertion loss during the ON/OFF functioning of the phase shifter over 20 cycles measured in the span of 30 min. The measured phase shift during the ON/OFF functioning of the phase shifter over 20 cycles is shown in Fig. 18(b) . The drop in the measured phase shift above 15 cycles is assumed to be caused by accidental touching an RF cable, since both the ON and the OFF states have exactly the same phase drop. The phase drift, also affecting both the ON and the OFF states, is caused by the phase drift over time of the VNA and the WR1.5 extenders (specified to be better than 10
• / h). Fig. 19 shows a cross-sectional image of the stubs and compares the waveguide sidewall roughness at the top and bottom of the stubs. The roughness at the top of the stub is higher than the bottom. This is due to the etching properties of the tool used for DRIE. Fig. 19(b) shows the 3-D surface roughness profile of a stub obtained using a Veeco Wyko NT9300 white-light interferometer. The root means square (rms) average roughness, taken over an evaluation area of 15 × 15 μm of a stub shows a roughness of 18.55 nm at the bottom of the stub and 211.13 nm at the top of the stub. The higher roughness values could potentially diminish the capability of the stub for creating a phase shift.
B. Electromechanical Characterization and Reliability
The different comb drive actuator designs are summarized in Table III along with the measured actuation voltages for the five actuators. Actuation voltage repeatability is measured for the Actuator C of the test Chip 4 (see Table III ), which has a spring constant of 2.13 N/m (average actuation voltage of 21.94 V) operated by a comb drive with 56 fingers without utilizing the push-pull scheme. The measured average actuation voltage, for 20 consecutive cycle measurements, is 21.94 V with a standard deviation of 0.0503 V.
Lifetime measurements were also performed on Actuator C of the test Chip 4 (see Table III ) in an uncontrolled atmospheric environment. The device was cycled with single-side actuation scheme in contact mode with an actuation voltage of 26 V using a unipolar square waveform with a 50% duty cycle and a cycle frequency of 100 Hz. The actuation voltage is measured after each decade of actuation cycles and is averaged from three subsequent actuation cycles at each measurement point. Fig. 20 shows the measured actuation voltage repeatability test. The actuation voltage remains very stable at 21.9 V with no detectable variation over the one hundred million cycles. The measurements were stopped after 12 days, when one hundred million cycles were reached without observing any failure, fatigue, or degradation in the actuation voltage. The actuator was also left in the actuated state for 24 h to analyze the effect of having the comb drive in the actuated state for a long term. No change in the actuation voltage was observed after the test. This high degree of reliability of an MEMS contact-mode device comes from its all-metal, monocrystalline-silicon design.
V. CONCLUSION
This paper reports the design, fabrication, and evaluation of a submillimeter-wave phase shifter in the 500-550-GHz frequency range using MEMS-reconfigurable surfaces. The phase shifter design is based on loading a rectangular waveguide with E-plane stubs and switching the stubs using MEMS reconfigurable surfaces. It consists of three separate micromachined chips aligned and assembled using micromachined alignment structures. A linear phase shift of 20
• has been measured in ten discrete steps. The measured insertion loss is better than 3 dB, of which only 0.5-1.5 dB is attributed to the MEMS-switched surfaces and stubs, and it has been shown that the major part of the loss is caused by assembly and alignment uncertainties. The measured return loss is better than 15 dB. The discrepancy between the measured and simulated phase shift is analyzed in this paper and is attributed to the combination of the angular sidewall surface profile of the vertical cantilevers and not having a proper ohmic contact between the vertical cantilevers. This can be compensated by increasing the overlap between the vertical cantilevers resulting in an approximate capacitive contact being sufficient to achieve the desired phase shift. High actuator reliability with good phase shift repeatability is achieved at medium actuation voltages.
